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Recretohalophytes with specialized salt-secreting structures (salt glands) can secrete excess salts from 
plant, while discriminating between Na+ and k*. K*/Na* ratio plays an important role in plant salt tol- 
erance, but the distribution and role of K* in the salt gland cells is poorly understood. In this article, 
the in situ subcellular localization of K and Na in the salt gland of the recretohalophyte Limonium bicolor 
Kuntze is described. Samples were prepared by high-pressure freezing (HPF), freeze substitution (FS) and 
analyzed using NanoSIMS. The salt gland of L. bicolor consists of sixteen cells. Higher signal strength of 
Na* was located in the apoplast of salt gland cells. Compared with control, 200 mM NaCl treatment led 
Limonium bicolor to higher signal strength of K* and Na* in both cytoplasm and nucleus of salt gland cells although K*/Na* 
NanoSIMS ratio in both cytoplasm and nucleus were slightly reduced by NaCl. Moreover, the rate of Na* secretion 
NMT per salt gland of L. bicolor treated with 200 mM NaCl was five times that of controls. These results suggest 
Salt gland that K* accumulation both in the cytoplasm and nucleus of salt gland cells under salinity may play an 
Ultrastructure important role in salt secretion, although the exact mechanism is unknown. 

© 2015 Elsevier Ireland Ltd. All rights reserved. 
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1. Introduction a high concentration of Na* into cells damages plasma membranes 


and leads to an imbalance of ions including a loss of Ca2* and K+, 


Soil salinization is a major problem worldwide, with more 
than 950 million hectares of land being salt-affected. Soil salinity 
severely reduces agricultural yields and productivity |1]. Salinity 
may cause a decrease in biomass production due to a lowering of 
plant water potentials, and/or specific ion toxicities [2]. Uptake of 
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metabolic disorder, and reduced plant growth [3,4]. Salt tolerance 
depends to a great extent on the location of ions and especially of 
Na‘, K*, and Cl-. So, the capacity of plants to maintain sufficient K* 
may be an important factor providing a degree of salt tolerance in 
plants [5]. Salt-tolerant plants can reduce injury from salt stress by 
decreasing their cellular Na* and increasing their cellular K* con- 
centrations to maintain a favorable K*/Na* ratio, which is critical 
in plant salinity tolerance [1]. Low Na* and high K* in the cyto- 
plasm are essential for the maintenance of a number of enzymatic 
processes and protein synthesis [6]. The capacity of plants to coun- 
teract salinity stress will strongly depend on the status of their K* 
nutrition [7]. K* is an indispensable macronutrient and the most 
abundant cation in most plants, whose functions can roughly be 
summarized as (i) charge balancing in the cytoplasm, where ĶK* is 
the dominant counterion for the large excess of negative charge on 
proteins and nucleic acids; (ii) activation of crucial enzymatic reac- 
tions; (iii) and making a substantial contribution to the osmotic 
pressure of the vacuole. In contrast, Na* is only essential for a 
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number of C, or crassulacean acid metabolism (CAM) photosyn- 
thesis species, where it functions as a micronutrient. In all other 
species Na* does not act as a nutrient because it is not required for 
normal plant growth [7-9]. 

According to their salinity resistance, plants can be divided into 
halophytes and glycophytes. Halophytes, plants that can survive to 
reproduce in an environment where the salt (NaCl) concentration 
is around 200mM or more, are further divided into recreto- 
halophytes, euhalophytes, and pseudo-halophytes based on their 
physiological mechanism of salinity tolerance, morphologic struc- 
tures, and ecological characteristics [10,11]. The most remarkable 
features of recretohalophytes are the specialized salt-secreting 
structures including salt glands and salt bladders that can secrete 
or sequestrate excess salts out of cells of the main body of the leaf. 
A salt gland is an excretory organ that plays a prominent role in 
regulating ion balance, maintaining the stability of osmotic pres- 
sure, and enhancing the salinity tolerance of plants under salinity 
[12]. With the spread of soil salinization worldwide, it has become 
increasingly important to understand the salt-tolerance mech- 
anisms of halophytes. Transmission electron microscope (TEM) 
provides the resolution necessary to show precise details of such 
glands and has contributed significantly to our understanding of 
their ultrastructure in recretohalophytes [13,14]. In the last cen- 
tury, TEM combined with X-ray microanalysis has been widely used 
to elucidate the ultrastructure and localize the ions in the salt gland 
cells [15], and three hypotheses for the secretory mechanism of salt 
glands have been proposed. Arisz et al. [16] argued that salt secre- 
tion was a consequence of pressure generated in the gland cells; 
Ziegler and Liittge [17] and Shimony and Fahn [18] proposed that 
salt secretion involved exocytosis; Levering and Thomson [14] sug- 
gested that salt secretion was similar to animal transport systems, 
but up to now, none of these hypotheses has been verified [12]. 
The main experimental obstacle to elucidating the mechanism of 
secretion is ion movement between cytoplasm and organelles dur- 
ing TEM sample preparation [19]. Another restriction is that X-ray 
microanalysis lacks the sensitivity to detect most mineral nutrients 
at physiological concentrations in plant tissues and needs further 
improvement on the collection efficiency of the X-ray detectors 
[20]. Consequently, the function of K* in salt gland cells in determin- 
ing the salt tolerance of recretohalophytes is poorly understood. 
Most previous work has only considered the whole tissue K* con- 
centration and our understanding of the importance of K* within 
the salt gland cells is limited. To evaluate this, more direct evi- 
dence is required using new methods of both sample preparation 
and elemental localization at the subcellular level. 

Producing an accurate and nanoscale resolution image of the 
distribution of elements at the subcellular level is one of the great- 
est challenges in biology. Research on ion transport phenomena 
in plant cells has become increasingly dependent on the tech- 
niques that yield information about the subcellular localization 
of elements [21,22]. Likewise, knowledge of the distribution and 
concentration of ions within cells is an essential part of under- 
standing their role in salt tolerance [23]. However, available data 
in previous studies has been limited by the compromises between 
resolution and sensitivity. If the distribution and localization of ele- 
ments in situ can be visually mapped at the subcellular level, it 
will provide a new insight into salt excretion in recretohalophytes 
and the role of the key chemical elements such as K* in determin- 
ing salt tolerance. Such information will also provide important 
clues to understanding the mechanisms of ion uptake, transport 
and secretion of salt gland cells. 

Specimen preparation methodologies based on high-pressure 
freezing (HPF) and freeze substitution (FS) have made great pro- 
gresses in the quality of ultrastructural preservation of biological 
samples for electron microscopy observation [24]. HPF uses liq- 
uid nitrogen applied at 210 MPa (2048 bar) to preserve biological 


samples in a ‘close-to-native’ state by freezing to vitreous ice 
generally with a depth of 200 um. Also, HPF can immobilize the 
constituents of cells, arrest vital processes, and minimize the redis- 
tribution of diffusible substances such as Na* and K* [25]. After HPF, 
FS is a good choice to maintain the structure and constituents by 
removing the vitreous ice and fixing the ultrastructure of the sam- 
ple at a temperature from —90°C to 0°C [26]. Thus, HPF followed 
by FS has become the standard protocol of choice for preserving 
plant tissues for studying ultrastructural details with TEM [22,27]. 

Secondary ion mass spectrometry (SIMS) microscopy is a sec- 
ondary ion imaging technique that uses an energetic primary ion 
beam to remove particles from the uppermost few atomic lay- 
ers of the biological specimen surface. The ions emitted during 
this bombardment known as secondary ions, are analyzed in a 
mass spectrometer to provide chemical information about the ele- 
mental distribution of the sample [28-30]. Technically speaking, 
the NanoSIMS is a dynamic, double-focussing, magnetic-sector, 
multi-collection capability scanning ion microprobe [31,32]. The 
NanoSIMS secondary ions are produced by bombardment of the 
sample with either O~ for electropositive ions or Cs* to gener- 
ate negative ions. Use of the Cs* source has an added advantage 
that the secondary electron (SE) image can also be detected, allow- 
ing the sample surface topography and morphology to be imaged 
[33,34]. NanoSIMS is characterized by three fundamental charac- 
teristics: (i) high spatial resolution down to 50nm for Cs* primary 
ions and 150nm for O` primary ions, so elemental imaging is at 
the nanoscale; (ii) high sensitivity and specificity for the secondary 
ion, detecting very low elemental concentration; and (iii) high mass 
resolution, which can be 22 times between minimum mass and 
maximum mass, so the instrument is able to detect most elements 
in the periodic table, from hydrogen to uranium, as well as their 
different isotopes [35,36]. These characteristics offer many advan- 
tages for the analysis of elemental distributions in plant cells at 
the cellular and, crucially, subcellular level. NanoSIMS has been 
applied to plants in a number of studies particularly those trying to 
resolve the distribution of chemical elements in the central vacuole, 
cytoplasm, and cell wall, for which the high resolution is required 
[37-40]. 

NanoSIMS analysis must be conducted under an ultra-high vac- 
uum, meaning that complicated sample preparation protocols must 
be used in order to preserve the in vivo distribution of diffusible ele- 
ments and morphology. So, biological samples should be preserved 
to a ‘close-to-native’ state so that their constituents are conserved 
when the sample preparation is completed [32]. Nowadays, it is 
generally accepted that HPF followed by FS is the preferred strat- 
egy [22,41,42]. Recent study using the combination of the HPF, FS, 
and NanoSIMS analysis, the homogeneous distribution of nickel 
was observed in the vacuole, notably in epidermal cells [22,43,44], 
which provided us the new idea on ions location analysis in plant 
excretory organs. In this article, we report ultrastructural features 
of the salt gland of Limonium bicolor, a typical recretohalophyte, 
which has been widely researched in the past [45-48], and the dis- 
tribution of K and Na at their natural locations in the salt gland 
cells using the combination of HPF and FS with NanoSIMS to pro- 
vide an insight into the function of K* in the cells of salt glands in 
determining the salt tolerance of recretohalophytes. 


2. Materials and methods 
2.1. Plant materials and growth conditions 

L. bicolor Kuntze (Plumbaginaceae) seeds were collected from 
native saline-alkaline soil (N37°20’, E118°36’) in the Yellow 


River Delta, China. Dry seeds were stored in a refrigerator at 
<4°C before being used. The seeds were surface disinfected in 
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0.1% (w/v) HgClz for 10min and then thoroughly washed with 
deionized water. Fully filled seeds were selected and planted 
in plastic pots (22cm high x 20cm diameter) filled with river 
sand that had been thoroughly rinsed with deionized water. 
After germination, the seedlings were grown in a controlled 
greenhouse (15h photoperiod; 600j.molm~-?s~! light inten- 
sity; PPFD was 500 pmolm-~?s-!; 30+3°C in the day and 
20+2°Cat night; 70% + 10% relative humidity) and irrigated every 
day, until they reached the sixth-leaf stage, with full-strength 
Hoagland nutrient solution (pH adjusted to 5.7+0.1 with NaOH 
and HCI and with the following composition: 2.5 mM Ca(NO3)z, 
2.5mMMKNO3, 1mMMMgsSO,, 0.5mMKH2PO,4, 45M _ Fe-EDTA, 
23M H3B03, 4.55 uM MnCl, 0.16 uM CuSO4, 0.38 uM ZnSOz, 
0.28 uM Na2Mo0,). 


2.2. Treatments 


Following emergence of the sixth leaf (from the shoot base), 
uniform and vigorous seedlings were selected and transferred into 
plastic pots (22 cm high x 20 cm diameter) containing well-washed 
river sand (three plants per pot). Control plants were irrigated with 
full-strength Hoagland nutrient solution (0 mM NaCl) while oth- 
ers were treated with 200 mM NaCl. The NaCl was dissolved in the 
nutrient solution described above. To avoid osmotic shock, the NaCl 
concentration was stepped up by 50 mM per day until the final con- 
centration (200 mM) was achieved. To avoid salt accumulation in 
the sand due to evaporation, each pot was flushed with 2000 ml 
nutrient solution containing the respective concentrations of NaCl 
twice daily and allowed to drain. The experiment was terminated 
28 d after the final salinity concentrations had been reached and 
the fully expanded sixth leaf from each plant was harvested for 
experiments. Five replicate pots were used for each treatment. 


2.3. TEM observation 


Healthy leaves of L. bicolor were selected and tissue segments 
(1.5 mm diameter and 200 um thick) were dissected from each leaf. 
Each segment was placed in a 3 mm diameter copper carrier, which 
was filled with hexadecene. The carrier with the sample was imme- 
diately frozen using a Leica EM PACT2 high-pressure freezer, which 
subjected the sample to a pressure of 210 MPa at —196 °C for 30 ms. 

FS with acetone was carried out in a Leica EM AFS2 system. The 
carriers with specimens were placed in 1.5 ml vials containing the 
substitution medium, 2% (w/v) osmium tetroxide in acetone, which 
had been previously frozen in liquid nitrogen. The vials with speci- 
mens were then transferred into the FS unit pre-cooled to —140 °C. 

The FS system was programmed as follows. The temperature in 
the chamber was raised to —90°C within 30 min then maintained 
at —90°C for 84h, after which it was raised at a rate of 5°C per hour 
to —60 °C then maintained at —60°C for 24h. The temperature was 
then raised at a rate of 5°C per hour to —30°C and maintained at 
—30°C for 24h. This was followed by further raising the temper- 
ature to 0°C, at a rate of 5°C per hour, and maintaining it at 0°C 
for 4h. At this stage the acetone substitution medium was replaced 
with anhydrous acetone. On completion, samples were removed 
from the FS machine and placed at room temperature. All subse- 
quent steps were carried out at room temperature (20°C). Samples 
were rinsed with anhydrous acetone three times, each time for 
20 min. Samples were then carefully removed from the carriers and 
embedded gradually in Spurr resin without accelerator. A graded 
resin/acetone (v/v) series was used: 10%, 25%, 50%, 75%, and 100% 
resin, with each step lasting 2 h. Samples were then placed in 100% 
resin without accelerator for 8h and in 100% resin with accelera- 
tor for 8h; this step was repeated five times. Samples were then 
placed in molds containing fresh resin and were polymerized for 
9h at 70°C [22,33]. 


Sections of 70 nm thickness were cut and mounted onto copper 
grids coated with formvar for TEM analysis. Samples were stained 
in 1% (w/v) uranyl acetate in ethanol for 15 min and in lead citrate 
for a further 5 min. Micrographs were obtained with a FE] TECNAI20 
TEM at 120 kV using a Gatan UltraScan 1000CCD camera. 


2.4. NanoSIMS analysis 


Sections of 500 nm thickness were also cut using a diamond 
knife on a Leica EM UC6 Ultramicrotome and mounted on solid 
silicium substrate. The samples were then coated with carbon to 
increase their conductivity for NanoSIMS analysis. The secondary 
ion maps were acquired by the CAMECA NanoSIMS 50L at the 
Institute of Geology and Geophysics, Chinese Academy of Sciences. 
The CAMECA NanoSIMS 50L used for this study was the latest 
generation of dynamic SIMS instrument, optimizing SIMS analysis 
performance [49]. The instrument was calibrated using standard 
calibration samples of silicon patterned with square mesas. Firstly, 
in order to obtain high resolution images of the leaf sections, a high 
intensity Cs* primary beam was used to remove surface contam- 
ination and implant the primary ions. Then using a low intensity 
primary Cs* ion beam for scanning the salt gland (the beam size 
was ~100nm, the current was ~1-1.5 pA). Secondary ions were 
sputtered from the sample surface and detected simultaneously (in 
multi-collection mode) with the high mass resolving power (MRP) 
tuned to ~6000 (M/AM, CAMECA definition). We used Nist 610 
(K concentration is ~400 ppm) as our standard to check the cor- 
rect position of the 39K!Q-. As well as the 29K!0O~ signal, we also 
selected the 160- and !2C!4N- signals by rastering a 30 x 30 um? 
areasin51 x 512 pixels and 10 ms/pixel dwell time to assist in inter- 
preting the distribution of elements between different subcellular 
compartments. The image capture took approximately 1h. A pri- 
mary O- ion beam (the beam size was ~300nm, the current was 
~15-20 pA) was used to scan the salt gland for positive ions (Na’*). 
The other imaging conditions used were the same as for the Cs* pri- 
mary beam. NanoSIMS data were analyzed using Image] with the 
OpenMIMS plugin (Harvard, Cambridge, MA, USA). 


2.5. Fluorescence microscope observation 


Fluorescence microscopy was performed according to the 
method of Nagata et al. [50]. Thin sections of L. bicolor leaves 
embedded in Technovit 7100 resin were stained with 4’,6- 
diamidino-2-phenylindole (DAPI) and examined under an Olympus 
BHS-RFK fluorescence microscope (Tokyo). In brief, healthy leaves 
of L. bicolor were fixed in 3% glutaraldehyde dissolved in 100 mM 
sodium cacodylate buffer (pH 7.4) for at least 24h at 4°C, dehy- 
drated through an ethanol series, and then embedded in Technovit 
7100 resin (Kulzer and Company, Wehrheim, Germany). The sam- 
ples were sectioned (500 nm thick) with a glass knife on an Ultracut 
microtome (Leica, Wien, Austria) and dried on cover slips. Next, 
they were stained with 1 .gml-! DAPI in TAN buffer (20mM 
Tris-HCl, pH 7.6, 0.5 mM EDTA, 7 mM B-mercaptoethanol, 1.2 mM 
spermidine). To prevent fading, 1 mg ml-~! n-propyl gallate in 50% 
glycerol was added to the samples before examination in the flu- 
orescence microscopic. Photomicrographs of the samples were 
captured with a cooled CCD camera (Spot-RT; Diagnostic Instru- 
ments, Sterling Heights, MI) attached to the microscope [51]. 


2.6. Determination of leaf inorganic ions concentration 


The fully expanded sixth leaves of L. bicolor under NaCl concen- 
tration treatments (0, or 200 mM) were harvested separately. After 
the leaves were thoroughly rinsed with distilled water to remove 
from the surface all salt that had been secreted previously, they 
were heated at 105°C for 15min to deactivate enzyme activity, 
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and then dried at 80°C to a constant dry mass (DM). A 50 mg dry 
sample was ashed in a muffle stove at 550°C for 2 d and the ash was 
dissolved in 1 ml of concentrated nitric acid. After the volume was 
increased to 25 ml with deionized water, the solution was filtered 
and the cations (Na* and K*) were analyzed by the Dionex ICS-1100 
ion chromatography system (Dionex Corp., Sunnyvale, CA, USA). 


2.7. Determination of ions secretion rate in leaf discs 


Fully expanded sixth leaves from plants grown in NaCl con- 
centrations of 0, or 200 mM were thoroughly rinsed with distilled 
water to remove from the surface all salt that had been secreted pre- 
viously, and 10-mm-diameter discs were punched from the leaves. 
The discs were dried quickly on both sides using absorbent paper 
then placed in 70 mm diameter Petri dishes containing 30 ml deion- 
ized water, abaxial surface uppermost. The abaxial leaf disc surface 
was covered with mineral oil (Sigma, M8410) to allow volumet- 
ric analyses of the secretion fluids [52-54]. With time, secretory 
droplets appeared under the oil above the salt glands and were 
collected with a micropipette. The experiment was conducted over 
a 24h period at room temperature (20°C) with a 12 h photoperiod. 
The volume of secretory droplets (V) per leaf disc was determined 
and their ionic concentration (C) measured by the Dionex ICS- 
1100 ion chromatography system (Dionex Corp., Sunnyvale, CA, 
USA). The ion secretion rate (pmol gland~! h7!) was calculated as 
[V x C/(number of salt gland per leaf disc x time)] where number 
of salt gland per leaf disc was calculated as density of salt gland 
(number cm~?) x area of leaf disc (cm?) and time was duration 
of the secretion (from covering with mineral oil to collecting the 
droplets: hours). 


2.8. Preparation for abaxial epidermal peels 


The fully expanded sixth leaves from treated (0, or 200 mM NaCl) 
plants were washed five times with distilled water to remove ions 
from the surface and dried quickly on both sides using absorbent 
paper. Next, leaves were cut into 2cm squares and transferred 
with the abaxial surface facing up to a small Petri dish (70 mm 
diameter) filled with buffer solution (0.1 mM NaCl, 0.1 mM KCI, 
0.15 mM CaCl, and 0.3 mM MES, pH 6.0). To separate the abaxial 
epidermis, a pair of sharp forceps was used to fix each peel in the 
buffer and another pair of sharp forceps was used to split the abax- 
ial epidermis from the leaf edge. The ions fluxes were measured 
from salt glands, as described below. 


2.9. Selective ion flux measurements 


Net fluxes of Na* and K* were measured non-invasively in 
YoungerUSA (Xuyue, Beijing, China) NMT (non-invasive micro- 
test technology) Service Center using a non-invasive micro-test 
technique (NMT-YG-100, YoungerUSA LLC, Amherst, MA01002, 
USA) with ASET 2.0 (Sciencewares, Falmouth, MA02540, USA) and 
iFluxes 1.0 (YoungerUSA, LLC, Amherst, MA01002, USA) software 
[55,56]. The NMT measures ion concentrations using ion-selective 
microelectrodes in both static and dynamic ways. The absolute 
concentration of a specific ion or ion concentration gradient was 
measured by moving the electrode repeatedly between two posi- 
tions in a predefined excursion (5-30 um) at a programmable 
frequency in the range 0.01-10.00 Hz with a range of 0.3-0.5 Hz 
being typical for many types of electrodes. The ion-selective 
electrode was constructed as follows: glass micropipettes (2 ym 
aperture) were pulled from 1.5-mm diameter glass capillaries 
(TW150-4, World Precision Instruments, Inc., Florida, USA) with 
an electrode puller (P-97, Sutter Instrument). Pulled micropipettes 
were silanized with dimethyl-dichlorosilane (D3879, Sigma, St 
Louis, MO, USA) at 250°C for 50 min. For all electrodes: an Ag/AgCl 


wire electrode holder (EHB-1, World Precision Instruments) was 
inserted in the back of each electrode to create an electrical contact 
with the electrolyte; the ground reference electrode was an Ag/AgCl 
half-cell (World Precision Instruments); and only electrodes with 
Nernstian slopes between 53 and 65 mV were used. 

Isolated abaxial peels were soaked in a test bath solution 
(0.1 mM NaCl, 0.1 mM KCI, 0.15 mM CaCly, 0.3 mM MES, pH 6.0) for 
5 min. The ion-selective electrodes were mounted ona manipulator 
and positioned 20 um above a salt gland. A peel in the chamber con- 
taining experimental solution was placed on the microscope stage 
and ion fluxes were measured between 10 um and 30 pm above 
the salt gland at intervals of 5.5 s. Net ion fluxes were measured for 
15 min for each sample. At least eight samples were measured for 
each treatment (0 and 200 mM NaCl). Fluxes of Na* and K* were 
calculated using MageFlux software developed by Yue Xu (http:// 
www. youngerusa.com/mageflux). 


2.10. Statistical analysis 


The data were analyzed using SPSS 16.0 (SPSS Inc., Chicago, IL, 
USA) for Windows and all values reported are the means + standard 
deviation (SD). Treatment significance was determined with one- 
way analyses of variance (ANOVA), and means denoted by different 
lower-case letters are significantly different at P<0.05 based on 
Duncan’s multiple range test. 


3. Results 
3.1. Ultrastructure features of L. bicolor salt gland 


The use of HPF and FS to fix the leaves was successful and out- 
standing preservation of salt gland ultrastructure was obtained, as 
demonstrated by the clearly identifiable intact salt gland in the 
image shown in Fig. 1. The salt gland of L. bicolor consists of six- 
teen cells, including four outer cup cells (oc), four inner cup cells 
(ic), four accessory cells (ac), and four secretory cells (sc) (Fig. 1A). 
Nuclei (n), numerous mitochondria (m, Fig. 1C), small vesicles (v), 
Golgi (g), rough endoplasmic reticulum (rer), outer surface cuti- 
cle (c) are clearly identifiable (Fig. 1B), the nuclei, stained with 
the DNA-specific fluorescent dye, DAPI (Fig. 2) in these cells are 
typically large with very prominent nucleoli (nu) (Fig. 1A). A plas- 
modesma (pl) in a wall between two secretory cells (Fig. 1D) is also 
clearly visible. 


3.2. NaCl treatment enhanced K* accumulation in the cytoplasm 
and nucleus of the salt gland cells 


The NanoSIMS ion maps show a cross section of a leaf with 
the salt-gland complex, and the image resolution is sufficiently 
high to reveal organelles (Fig. 3). The position of the salt gland 
for NanoSIMS analysis is shown in Fig. 3A. The SE image showed 
the integrity and morphology of the sample surface (Fig. 3B). The 
O- ion signal (aqua) was particularly strong in the cell walls of 
the salt gland cells, especially in the adjacent cells (Fig. 3C), the 
CN- ion signal (lawngreen) was high specifically in the cytoplasm, 
notably in the collecting cells, but also the nucleus and nucleolus 
had a strongly elevated CN signal intensity (Fig. 3D). In contrast to 
the low K* signal (aquamarine) in both cytoplasm and nucleus of 
control (0 mM NaCl, Fig. 3E), clear evidence for markedly elevated 
K* signal (orange) in both cytoplasm and nucleus of NaCl-treated 
(200 mM NaCl) salt gland cells is shown in Fig. 3F, specifically in 
the nucleus. The relative signal strength of K* in the cytoplasm 
and nucleus of NaCl-treated salt gland cells was 16.5 and 21.9 
times control, respectively (Fig. 4A). The Na* signal was specifically 
high in the intercellular space of both control (Fig. 3G, yellow) and 
NaCl-treated salt gland cells (Fig. 3H, aqua). Similarly, the relative 
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Fig. 1. TEM image of salt gland of L. bicolor leaf prepared by HPF, followed by FS and then embedding, sectioning and staining. (A) General view of salt gland of the NaCl- 
challenged leaf of L. bicolor. Outer cup cell (oc), inner cup cell (ic), accessory cell (ac), secretory cell (sc), and collecting cell (co) are noted, c= cuticle, n = nucleus, nu = nucleolus. 
(B) a high magnification view of the salt gland. g = Golgi, m = mitochondrion, rer = rough endoplasmic reticulum, v = vesicle. (C) enlarged mitochondrion in the secretory cell. 
m= mitochondrion. (D) plasmodesma in a wall between two secretory cells. pl = plasmodesma. Bars = 2.5 jum (A), 250 nm (B), 50 nm (C, D). 


Fig. 2. A cross-section of L. bicolor leaf was stained with DAPI and visualized under a bright field (BF, A) and also by the laser scanning confocal microscope (LSCM, B). Red 
circle indicates salt gland and blue parts are nuclei. Bars = 10 wm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version 
of this article.) 


signal strength of Na* in the cytoplasm and nucleus of NaCl-treated NaCl-treated salt gland cells than in the cytoplasm, but in this cir- 
salt gland cells was 24.5 and 26.1 times control, but there was no cumstance, K*/Na* ratio in the cytoplasm and nucleus of salt gland 
significant difference between the cytoplasm and nucleus of both cells was slightly reduced by NaCl treatment (Fig. 4C). In control 
control and NaClI-treated salt gland cells (Fig. 4B). Interestingly, the plants, K* was the predominant cation at 0 mM NaCl, but its concen- 


K*/Na* ratio was much higher in the nucleus of both control and tration decreased with increasing NaCl concentration to 200mM 
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Fig. 3. NanoSIMS analysis of a cross-section of L. bicolor leaf prepared by HPF followed by FS. SEM image showed the position of the salt gland for NanoSIMS analysis (A), red 
circle indicates the salt gland, bar=5 zm. NanoSIMS maps obtained using the Cs* primary ion beam, showing 160- (C), '2C!4N- (D), and 39K!60- (E: 0 mM NaCl; F: 200 mM 
NaCl) ion maps, the O` primary ion beam for the distribution of 23Na* (G: OmM NaCl; H: 200 mM NaCl) signal, the SE image is included to show the morphology of the 
imaged region (B). the ordinate scales represents ion signal strength and the brighter the color, the higher the strength. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.) 
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Fig. 4. NanoSIMS composition profiles of a single salt gland of L. bicolor for the 
39K16Q- and 73Na* maps shown in Fig. 3(E-H). (A) shows that the 39K!®O~ signal 
originated from different locations in the salt gland. (B) shows that the 23Na* signal 
originated from different locations in the salt gland. K*/Na* ratio was calculated as 
shown in (C). Values are means + SD (n=5). Values followed by the different lower- 
case letters are significantly different at P< 0.05 as determined by Duncan's multiple 
range test. 


NaCl (Fig. 5A). However, the leaf Na* concentration increased with 
increasing salinity (Fig. 5B) and the K*/Na* ratio in the leaf tissue 
was also reduced by 200 mM NaCl treatment (Fig. 5C). 


3.3. NaCl treatment markedly increased Na* secretion rate but 
decreased K* secretion rate of the salt gland 


To look into the possible role of K* and Na* accumulation in salt 
secretion by the salt glands, K* and Na* secretion rates per salt gland 
were estimated using leaf discs. As shown in Fig. 6, the Na* secre- 
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Fig. 5. Leaf K* (A) and Na* (B) concentrations of L. bicolor seedlings treated with 
0, and 200 mM NaCl for 28 d. K*/Na* ratio was calculated as shown in (C). Values, 
which are means (n=5)+SD, indicate the change in the indicated variables. Values 
followed by the different lower-case letters are significantly different at P<0.05 
according to Duncan’s multiple range test. 


tion rate from disc treated with 200 mM NaCl was 5.4 times higher 
than that of control, but K* secretion rate was only 30% of control. 
Similarly, NMT was used to measure directly ion secretion rate of 
salt glands; again, the secretion rate of Na* was greatly enhanced by 
a 200 mM NaCl treatment, but K* secretion rate decreased (Fig. 7). 


4. Discussion 


Biological application of the latest generation of high-resolution 
imaging by the SIMS instrumentation opens up the potential to 
map visually the localization and spatial distribution of important 


Z.-T. Feng et al. / Plant Science 238 (2015) 286-296 


120 
G 
100 + 
“c 
To æ} 
c 
G 
D 
g 
§ 6 
3 2 a 
© a 
= 20f 
2 
€ 45 
oO 
n 
10 
b 
5 
0 
0 200 


NaCl concentration (mM) 


Fig. 6. Ion secretion rates from salt glands of L. bicolor leaf discs treated with dif- 
ferent concentrations of NaCl (0 and 200 mM). Values, which are means (n=5)+SD, 
indicate the change in the indicated variables. Values followed by the different 
lower-case letters are significantly different at P<0.05 according to Duncan’s mul- 
tiple range test. 


chemical elements at the subcellular level with excellent sensitivity 
and high spatial resolution [32]. Without question, sample prepa- 
ration is the most critical step in successful NanoSIMS analysis of 
biological samples, and achievement of the full application of this 
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technique in biology depends primarily on the ability of sample 
preparation methodologies to preserve the original distribution of 
elements in situ while removing water from the sample [22]. The 
CN- ion can be used in the SIMS analysis of biological materials 
as a marker for the distribution of N in nucleic acids and proteins, 
which permits the visualization of the morphology of the sample, 
whereas O7 ions are generated preferentially from structures such 
as cell walls rich in cellulose. In combination, these signals should 
have the potential to provide information on the ultrastructural 
localization of important elements in biological samples at high 
spatial resolution [22]. By scanning a focused primary ion beam 
across the sample and collecting the secondary ions, the intensities 
of the component-specific secondary ions detected at each position 
can be used to construct a map of the sample’s surface composi- 
tion. In the present study, HPF of the leaf samples followed by FS in 
the acetone substitution medium was found to provide outstanding 
preservation of salt gland ultrastructure. The mitochondrial cristaes 
were clearly visible and biomembrane preservation is particularly 
good (Fig. 1C). As shown in Fig. 1A, cells of the salt gland were much 
better preserved in our samples for TEM observation using HPF/FS 
than in those prepared for study using a classical chemical fixa- 
tion protocol at ambient temperature [27,57]. These results clearly 
demonstrate that the combination use of HPF and FS can provide 
superior detail of ultrastructure. HPF/FS is also the proper protocol 
for the preparation of salt glands for NanoSIMS analysis. 
Potassium is an essential macronutrient for living cells and a lack 
of K* significantly reduces plant growth and development [58] and 
K* plays a pivotal role in fundamental physiological processes in 
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Fig. 7. Effects of different NaCl treatments (0 and 200 mM) on the K+ (A) and Na* (B) secretion rates of salt glands in the abaxial leaf epidermis of L. bicolor. Net ion fluxes of 
K* and Na* (left hand panels) were measured over 15 min between 10 and 30 pm above each salt gland at intervals of 5.5 s. Each point represents the mean of nine individual 
salt glands. The right hand panels were the mean fluxes of K* and Na* with bars representing the standard deviation of the means. Values followed by different lower-case 
letters are significantly different at P< 0.05 as determined by Duncan’s multiple range test. Control plants were treated with Hoagland nutrient solution (0 mM NaCl) for 28 d; 
other plants were treated with Hoagland nutrient solution containing 200 mM NaCl for 28 d. 
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plants [9,59]. K* also plays a role in alleviating the adverse effects of 
salt stress on growth and enhancing the salinity tolerance of plants, 
for which maintenance of K*/Na* homeostasis under salinity is an 
important diagnostic character [1]. In general, K* concentration in 
plant cells is much reduced under saline conditions but Na* con- 
centration much increased. Plants can remove excess Na* through 
Na* excretion to the external environment and/or compartmental- 
ization into the vacuoles, along with retention of a physiological 
K* concentration in the cytoplasm [60]. Surprisingly, results in the 
present paper clearly indicate that salt-treated (200 mM NaCl) L. 
bicolor salt gland cells accumulated higher amounts of K* than in 
those of control (0 mM NaCl) plants; in particular, K* in the nuclei 
was much higher than that in the cytoplasm both in salt-treated 
and control salt gland cells (Fig. 3E,F). Relative signal strength of K* 
in the cytoplasm and nucleus of NaCl-treated salt gland cells was 
16.5 and 21.9 times of control, respectively (Fig. 4A). The accumu- 
lation of K* in the cytoplasm and nucleus may be a contributory 
factor to salinity tolerance although the exact mechanism between 
higher K* concentration and salinity tolerance is not known. The 
cytoplasm and nucleus are the centre of metabolic activities such 
as protein biosynthesis, gene selective expression and regulation 
[61]. K* plays an important role in the activation of the function of 
enzymes and balances the negative charges on proteins and nucleic 
acids [62]. Salt secretion of the salt gland is an active physiologi- 
cal process depending on gene expression, protein synthesis, and 
ATP formation in response to salinity stress [12]. Taken together, 
we suppose that K* accumulation in the cytoplasm and nucleus 
of NaCl-treated salt gland cells may enhance or stabilize macro- 
molecule synthesis such as proteins and nucleic acids in order to 
secrete excess salts out of plant cells under salt stress, which is 
essential for salt secretion, because salt secretion is an energy- 
dependent process. When grown under salinity, these plants are 
‘stressed’ and K appears to substitute for Na in the salt-secretion 
mechanism. 

High concentration of cytosolic Na* is toxic to glycophytes, it dis- 
turbs and inhibits various physiological processes and plant growth 
[7]. The relative signal strength of Na* in the cytoplasm and nucleus 
of NaCl-treated salt gland cells was 24.5 and 26.1 times of control 
(0 mM NaCl), but there was no significant difference between cyto- 
plasm and nucleus of both control and NaCl-treated salt gland cells 
(Fig. 4B). However, when L. bicolor was treated with 200 mM NaCl, 
high Na* in the cytoplasm and nucleus did not produce harmful 
effect on salt gland cells, as Na* secretion rate of the salt gland 
treated with 200 mM NaCl was about 5.4 times higher than that of 
control though k* secretion rate was reduced (Fig. 6). NMT results 
also indicated that secretion rate of Na* was greatly enhanced by 
a 200 mM NaCl treatment, but K* secretion rate decreased (Fig. 7). 
This is consistent with the result that a new analysis of existing 
data carried out by Colmer et al. [63] suggests that cytosolic Na in 
halophytes has an activity of 100-200 mM. 

The Na* signal was specifically high in the intercellular space 
of both control (Fig. 3G) and NaCl-treated salt gland cells (Fig. 3H) 
compared to the symplast. The salt gland is encapsulated by a thick 
cuticular layer (c) except along the region of the walls between 
the collecting cells (co) and the outer cup cells (Fig. 1A). This non- 
cuticularized wall region is termed the transfusion area, where ions 
move from mesophyll cells to the salt gland cells. The major portion 
of the transpiration water moves from the apoplast to the sym- 
plast at the vein endings, so it is probable that the salts, like the 
water, enter the symplast at the vein endings, then are transported 
through plasmodesmata (Fig. 1D). The thick cuticle extended over 
the secretory cells creating a cavity between the cuticular layer and 
the cell wall of the secretory cells. If salts are transported into the 
collecting chamber, resulting in the osmotic flow of water into the 
chamber, osmotic equilibrium within the tissue could be reached 
before a sufficient hydrostatic pressure develops to force the salty 


fluid to be secreted through the secretory pores of the salt gland 
within the cuticle. This indicates that there may be both an apoplas- 
tic and a symplastic pathway in the secretion of Na* to the outer 
surface of the leaf of L. bicolor [12,13,64,65]. Na* accumulation in the 
apoplast of salt gland cells resulted from enhanced Na* secretion 
(Figs. 6 and 7B). 

The capacity of plants to maintain a high cytosolic K*/Na* ratio is 
likely to be one of the key determinants of plant salt tolerance [66]. 
In order to improve the K*/Na* ratio under salinity, plants respond 
promptly to the increased concentrations of Na* by maintaining 
low cytosolic Na* and high cytosolic K* in the cells [9]. Here, we 
have shown that the K*/Na* ratio kept a high level, especially in the 
nucleus when treated with 200 mM NaCl (Fig. 4C), which suggests 
that high K*/Na* ratio and accumulation of K* in the salt gland cells 
highly correlate with enhanced salt secretion rate and salt toler- 
ance. We also showed that K* accumulates higher in the cytoplasm 
and nucleus of salt-treated salt gland cells than in control, which 
suggests that K* plays an important role in salt secretion possibly 
via regulation of macromolecule synthesis. 

Although the NanoSIMS has many clear advantages such as suf- 
ficient analytical sensitivity and high spatial resolution to allow the 
distribution of elements in these HPF/FS specimens to be visually 
mapped at the subcellular level, the technique does suffer from a 
number of shortcomings, which can limit its use. One of the main 
problems is that quantification is very difficult because the yield 
of secondary ions from each element is different depending on the 
electron affinity for negative ions and the ionisation potential for 
positive ions. Topography can also have a distinct effect on the yield 
of ions from the sample, restriction of NanoSIMS is that so sensi- 
tive to topography of the sample that flat microtome specimens 
are required. Only flat samples are introduced into the instrument 
so that real compositional variations are observed rather than just 
topographical variations. SIMS subjects to the strong matrix effects, 
and hence signals from the matrix as heterogeneous as plant mate- 
rials will be detected simultaneously. Biological materials suffer 
from matrix effects because there can be large variations in the 
chemistry and structure of the sample in different cells. In general, 
it has been found that the matrix effects in resin-embedded sample 
are minimal [67]. Furthermore, TEM analysis determines the cor- 
rect interpretation of the histological features for the NanoSIMS 
chemical maps, so the structural preservation of the sample is 
very crucial. Another concern is the methods used to preserve the 
specimens prior to analysis. The HPF/FS technique applied here 
(quick freezing and slow substitution of vitreous ice with chemi- 
cal fixative) helps to minimize the redistribution of soluble cellular 
components, but the extent of possible elemental redistribution 
during sample preparation is an important factor in the preparation 
of biological specimens for chemical analysis, so the preservation 
in situ testifies to the effectiveness of the HPF/FS protocol in pre- 
serving the distribution of soluble elements. 
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